Sumatran fleabane is an important weed in Brazilian crop production systems due to glyphosate resistance and broad adaptation to no-till environments, mainly in the crop succession with soybean sowed in first-season (September to February) followed by maize in second-season (February to June). The fallow period between maize harvest and the next soybean sowing allows Sumatran fleabane to emerge and grow. On the other side, fallow is a suitable moment for Sumatran fleabane control because plants are more susceptible to herbicide in initial stages of growth. In this study, the aim was to evaluate the effectiveness on combined burndown + residual herbicide treatments to control Sumatran fleabane during fallow, after maize harvest. Two experiments were carried out in Campina da Lagoa (PR) and Floresta (PR) and treatments consisted of combinations of herbicides to provide control of emerged plants of Sumatran fleabane (glyphosate + 2,4-D, MSMA and glufosinate), applied isolated or in tank mixes with residual herbicides (metsulfuron, chlorimuron, diclosulam, imazethapyr, imazaquin, flumioxazin, metribuzin, amicarbazone and isoxaflutole) which were expected to prevent the emergence and growth of new weed fluxes. At the time of herbicides application, Sumatran fleabane plants were no taller than 12 cm. Assessments on both efficacy and residual control were performed until soybean crop sowing (45 days after treatment). Glyphosate + 2,4-D mixture was efficient for burndown of Sumatran fleabane. For fallow periods of 45 days, all glyphosate + 2,4-D mixtures with residual herbicides were efficient for Sumatran fleabane control, providing less than 10 plants m -2 and a maximum plant height of 16 cm at soybean sowing date.
INTRODUCTION
Conyza plants (Conyza bonariensis, C. canadensis and C. sumatrensis) are spread worldwide infesting more than 40 different crops and non-agricultural lands (Lazaroto et al. 2008) . C. canadensis (150 plants per m -2 density)may reduce the soybean productivity under direct sowing system by 83% (Bruce and Kells 1990) . Besides quantitative losses, competition between Sumatran fleabane and soybean depreciates grain quality, by increasing both moisture content and impurities (Constantin et al. 2013) . Thus, eroding the value received by the product.
Intense utilization of glyphosate in production systems of fruits and soybean crop, particularly in conservationist management systems such as no-till, favored the selection of C. bonariensis e C. canadensis resistant biotypes (Vidal et al. 2007 ). In addition, the commercial introduction of glyphosate-resistant transgenic soybean led to an additional use of two to three applications of this herbicide per crop season, what has favored the selection of resistant populations of Conyza sp. (Vargas et al. 2007) . Multiple resistance to glyphosate and Acetolactate Synthase (ALS) inhibitors in Sumatran fleabane (C. sumatrensis) was confirmed in 2014 in soybean and maize fields from Paraná State (Santos et al. 2014) . In 2017, in the same area (western Paraná), C. sumatrensis biotypes were selected with multiple resistance to glyphosate (EPSPs inhibitor), paraquat (PSI inhibitor), diuron (PSII inhibitor), saflufenacil (PPO inhibitor) and 2,4-D (synthetic auxins) (Heap 2019) .
When herbicide-resistant biotypes reach a density high enough to limit crop yield, there is a need for change in current management practices, as well as for developing alternative strategies for controlling resistant populations (López-Ovejero et al. 2006; Lamego and Vidal 2008; Moreira et al. 2010) .
One of these alternative strategies used for controlling glyphosate-resistant Sumatran fleabane biotypes is the application of mixtures with post-emergence herbicides with alternative mechanisms of action. Preliminary research has shown that 2,4-D, glufosinate and MSMA are alternative herbicide options (Blainski 2011). In the western and northern regions of Paraná, the fallow period, which is the interval from second maize harvest to the next spring crop sowing may last from 45 to 90 days. In those areas, the maize harvesting period can be divided into early harvest, when it is performed not later than July 15 (fallow >60 days), and late harvest, when it is performed after July 15 (fallow <60 days) (Oliveira Neto et al. 2017 ). This division is important because each harvest period demands particular fallow management strategies. For the early harvested maize, Sumatran fleabane emergence peak generally occurs after its harvest; whereas for the late harvested maize, it usually occurs before the end of crop cycle.
The aim of this research was to evaluate the efficiency on burndown and residual control of glyphosate+2,4-D, glufosinate and MSMA isolated or mixed with residual herbicides on Sumatran fleabane after the maize harvest during fallow.
MATERIAL AND METHODS
Two field experiments were performed from June to October 2009. The first one was carried out at Campina da Lagoa, PR (23°33'59,36" S, 52°41'31,24" W and altitude of 607 m) and the second one at Floresta, PR (23°36'32,04" S, 52°05'37,64" W and altitude of 355 m). Both experiments were carried out in areas with a history of soybean-second maize cropping succession and failures in Sumatran fleabane control after glyphosate application, providing evidences of resistance to EPSPs inhibitor.
Soils from experimental areas were identified as eutrophic Red Oxisoil (Embrapa 2013), clay texture. In Campina da Lagoa, soil presented 600 g kg -1 clay and 32.75 g dm -3 Organic Carbon, while in Floresta, 630 g kg -1 clay and 16.81 g dm -3 Organic Carbon. These soil properties contribute to enhance herbicide sorption and persistence. Regional climate is subtropical with summer rains and dry winters (Cfa, according to Köppen climate classification). The rainfall distribution was suitable to provide favorable conditions to germination, emergence and initial growth of Sumatran fleabane (Figure 1 ). At each location, one experiment was carried out after maize harvesting, between the second half of June and early July. In this situation, the fallow period from maize harvesting to the burndown application before soybean sowing was 45 days. After maize harvesting, there was a 15 days period before treatment application, due to the need to stabilize crop residues on soil surface, in order to enable both burndown efficacy and uniform distribution of residual herbicides in soil. Treatments were identical for both experiments. We compared three burndown options (glyphosate + 2,4-D 960 + 536 g ha -1 , MSMA 2,370 g ha -1 and glufosinate 400 g ha -1 ) applied isolated or in tank mixes with nine herbicides with residual activity in soil (metsulfuron 3.6 g ha -1 , chlorimuron 20 g ha -1 , diclosulam 33.6 g ha -1 , imazethapyr 100 g ha -1 , imazaquin 180 g ha -1 , flumioxazin 125 g ha -1 , metribuzin 480 g ha -1 , amicarbazone 420 g ha -1 and isoxaflutole 56.25 g ha -1 ). The combination of MSMA + imazaquin was replaced by amicarbazone (560 g ha -1 ) due to tank mixture incompatibility. A non-applied check and one burndown treatment with glyphosate isolated at 960 g ha -1 were also included, totalizing 32 treatments. Both experiments were arranged in a completely randomized block design, with four replicates.
Treatments with glyphosate + 2,4-D, glyphosate, MSMA and glufosinate were used to control emerged Sumatran fleabane plants and residual herbicides were included to prevent new weed fluxes up to the next sowing date. Herbicide applications were done when plants were in early development stage, no taller than 12 cm. That stage was chosen due to the increased susceptibility to herbicide and to the limited sprouting capacity in early stages of Conyza development (Vangessel et al. 2009; Moreira et al. 2010 , Oliveira Neto et al. 2010 ). Herbicide applications were performed with a backpack CO2 sprayer calibrated to deliver 200 L ha -1 using 207 kPa as CO2 pressure and five XR-110.02 nozzles. Climatic conditions, weed density and height in each location are shown in Table 1 . Visual Sumatran fleabane control ratings were collected at 15 and 30 days after application (DAA). The ratings were based on 0 to 100% scale, where 0 means no control and 100 correspond to weed completely dead or absence of weeds. Density of emerged Sumatran fleabane plants was determined up to soybean sowing (45 DAA). Sumatran fleabane density was counted using four randomized sampling frames of 0.25 m 2 per experimental unit. In these evaluations, the height of Sumatran fleabane was also measured from the root collar to its apical growth region.
Data from each experiment were submitted to F-test variance analysis. As experiments has the same structure and residual average square values showed homogeneous variance, a joint analysis was performed (Banzatto and Kronka 2008) and means compared by Scott-Knott test (p < 0.05).
RESULTS AND DISCUSSION
Tank mixes with residual herbicides improved Sumatran fleabane control to glyphosate + 2,4-D, glufosinate and MSMA in Campina da Lagoa (data not showed). Burndown control > 90% when residual herbicides were mixed with glyphosate + 2,4-D was also observed by Steckel et al. (2006) and by Jaremtchuk et al. (2008) . Except for tank mix of glyphosate + 2,4-D + imazethapyr did not improve the Sumatran fleabane control in burndown in Campina da Lagoa. These results are similar to related by Procópio et al. (2006) , who found that glyphosate + imazethapyr did not improve weed control in burndown.
The experiment carried out in Floresta presented the highest Sumatran fleabane density (356 plants per m -2 -Table 1) at the burndown application. In this location, treatments with glyphosate + 2,4-D or glufosinate controlled efficiently Sumatran fleabane (data not showed). Treatments with MSMA controlled less than 80% in every tank mixing evaluated. These results indicate that MSMA is not an efficient option for Sumatran fleabane control in burndown.
Herbicides sprayed in the fallow period reduced Sumatran fleabane densities in Campina da Lagoa and Floresta up to 45 DAA. The best treatments grouped by Scott-Knott test presented Sumatran fleabane densities <10 plants m -2 both in Campina da Lagoa and Floresta (Table 2) . Tank mixes with glyphosate + 2,4-D reduced plant densities to fewer than 5 and 10 plants m -2 in Campina da Lagoa and Floresta, respectively, regardless of residual herbicide. Post-emergence Sumatran fleabane control played a fundamental role on the reduction of emerged plants, because the control provided by glyphosate + 2,4-D was enough to group it among the most effective ones. In this research, the short fallow period (45 days) may have contributed to the efficient control, by the combination of short 2,4-D residual activity, along with the short Sumatran fleabane emergence period. C. canadensis requirements to high germination include temperatures of 24/20 °C (day/night), light availability, neutral to alkaline soil pH, no water stress and seeds on the soil surface (no deeper than 0.5 cm) (Nandula et al. 2006) . In our experiments, soil moisture and temperature were inadequate to Sumatran fleabane germination and emergence throughout August (Figure 1) . For 2,4-D, studies carried out to evaluate its persistence in the environment (Altom and Stritzke 1973; Foster and Mckercher 1973; Plumb et al. 1977; Procópio et al. 2009 ) found half-lives no longer than seven days (Senseman 2007 ). 2,4-D is readily degraded and mineralized by a wide range of microorganisms, and 58% of the initially sprayed 2,4-D was already mineralized after 64 days (Nowak et al. 2011) .
Treatments with glufosinate reduced Sumatran fleabane density in Campina da Lagoa from 32 to less than 6 plants m -2 (Table 2) . However, in Floresta treatments based on glufosinate presented Sumatran fleabane densities from 3.8 to 29.3 plants m -2 , and tank mixing with chlorimuron, metribuzin or isoxaflutole were the most efficient treatments providing Sumatran fleabane densities <6 plants m -2 (Tabela 2). There was an increased number of non-controlled plants in Floresta as compared to Campina da Lagoa, due to the higher Sumatran fleabane density at the application time (Table 1 ). The higher density and soil cover may have prevented spray droplets to deposit on plants occupying an inferior position of the canopy, i.e., "umbrella" effect. Under these conditions, efficacy of contact herbicides like glufosinate could be strongly affected.
MSMA performance was different in the experiments ( Although emerged weed density is an important factor in evaluating the treatment efficiency, another relevant factor to consider is the size of emerged plant close to or at sowing date of the next crop. Few chemical management alternatives will provide efficient control of Sumatran fleabane plants with ≥16 cm (Blainski 2011) . For this reason, an additional criterion was adopted to rank treatments performance based on the size of remaining plants at the date of soybean sowing. Efficient herbicide treatments should provide remaining plants with a maximum of 16 cm.
In Campina da Lagoa, treatments with glyphosate, glyphosate + 2,4-D, glufosinate, MSMA and amicarbazone did not provided suppression of Sumatran fleabane growth, resulting in plants >16 cm (Table 2) . Although treatments with glyphosate + 2,4-D were effective on burndown and Sumatran fleabane density reduction, remaining plants were 20 cm tall at summer crop sowing date (45 DAA). Even though this plant size restricts control options on burndown prior to spring crop sowing, an adequate control might still be achieved, for instance, with tank mixing of glyphosate + 2,4-D at 1080+1005 g ha -1 (Oliveira Neto et al. 2010 ). However, the 2,4-D application on soybean pre-planting burndown is somewhat limited due to the possibility of causing damage to the crop. In a study carried out by Procópio et al. (2009) , utilization of 2,4-D (670 g ha -1 ) did not affect soybean yield even when burndown and sowing were both performed in the same day. Nevertheless, an interval of at least seven days between 2,4-D and soybean crop sowing is recommended (Rodrigues and Almeida 2011) .
Tank mixing of glyphosate + 2,4-D with residual herbicides suppressed Sumatran fleabane growth, so that plants were about the same size or shorter than 16 cm at 45 DAA. For glufosinate, tank mixing with metsulfuron, chlorimuron, diclosulam, metribuzin or amicarbazone also showed appropriate heights for a 45 days fallow period in Campina da Lagoa (Table 2 ). In general, treatments with MSMA resulted in plants taller than 16 cm. However, tank mixing of MSMA with metsulfuron or chlorimuron resulted in good growth suppression, with Sumatran fleabane height <16 cm.
In Floresta, many treatments were efficient to suppress Sumatran fleabane growth (height ≤16 cm), including low or no residual herbicide treatment like glyphosate, glufosinate and glyphosate + 2,4-D (Table 2) . This result demonstrated the possibility to manage Sumatran fleabane during fallow period only with the application of herbicides without residual activity. This possibility may lead to more cost-effective treatments to farmers. However, some treatments (amicarbazone, MSMA isolated or in tank mixing with diclosulam, imazethapyr, flumioxazin, metribuzin or isoxaflutole) ( Table 2) were not efficient to suppress Sumatran fleabane growth, and results in plants >16 cm. Both in Campina da Lagoa and Floresta herbicides metsulfuron and chlorimuron were efficient when combined with any of the three burndown treatments. This was due to the good control and suppression imposed by these herbicides when applied to Sumatran fleabane plants in early stages of development (Vargas et al. 2007 ).
In both experiments, Sumatran fleabane was ≤12 cm at the application time (Table 1) .
By analyzing the results of both experiments for Sumatran fleabane density and height, we conclude that only a few treatments provided efficient control of emerged plants combined with effective residual effect to suppress new emergence flux and/or limited new Sumatran fleabane growth. Briefly, only treatments based on glyphosate + 2,4-D + residual herbicides (all evaluated), glufosinate + chlorimuron and glufosinate + metribuzin presented Sumatran fleabane densities < 10 plants m -2 and plants ≤ 16 cm at sowing date both in Campina da Lagoa and Floresta.
Results obtained for this fallow time (45 days) should not be extrapolated for longer fallow periods (>60 days), because in this case a longer period of residual control is required.
The treatments based on glyphosate + 2,4-D + residual herbicides, glufosinate + chlorimuron and glufosinate + metribuzin provided Sumatran fleabane densities of less than 10 plants per m 2 and maximum plant height of 16 cm in Campina da Lagoa and Floresta at soybean sowing date, 45 days after treatments application.
